Neovascularization has a role in the propagation of rheumatoid synovitis because the spread of mononuclear cell infiltration and the growth of pannus are dependent on the growth of new blood vessels. Growth of such vessels requires local endothelial cell (EC) proliferation. Inhibition of synovial EC proliferation, therefore, would have the potential to diminish rheumatoid inflammation. We have, therefore, studied the effects of gold sodium thiomalate (GST), auranofin, and gold chloride on the proliferation of human umbilical vein EC. GST suppressed both basal and EC growth factor-induced tritiated thymidine incorporation into EC in a dose-dependent fashion. Inhibition was observed with concentrations as low as 1 lsg/ml GST, 5 jg/ml gold chloride, and 0.1 ;g/ml auranofin, levels attainable in blood and synovium of patients. These results suggest that gold compounds have an antiangiogenic effect. The low concentrations inhibiting EC proliferation suggest that gold compounds may suppress rheumatoid synovitis by reducing the number of small blood vessels available for mononuclear cell infiltration and synovial tissue proliferation.
Introduction
Angiogenesis is the process of generation of new blood vessels. It is required not only in normal phenomena such as embryonic development and wound repair but also in pathologic states such as tumor growth, connective tissue proliferation, chronic inflammation, and certain immune reactions (1) . In the rheumatoid synQvial membrane, mononuclear cells in the subliming region ofthe synovium carry out a series of cellular and humoral immune reactions responsible for the maintenance and spread of rheumatoid synovitis (2) . Inherent in this process is an active proliferation of small blood vessels necessary for the extensive emigration ofmononuclear cells and proliferation ofthe synovial tissue characteristic of this type of synovitis. The blood vessels that participate in the synovial proliferation develop in a series of sequential steps in which endothelial cell (EC)' proliferation is an absolute requirement (1) . Inhibition of EC proliferation, therefore, would have the potential to slow or diminish the immunologically mediated inflammation of rheumatoid arthritis (RA). Because EC may participate in immunological reactions by presenting antigen to T and B lymphocytes (3) (4) (5) (6) and secreting interleukin 1 (IL-1) (7, 8) , a decrease in the EC population may also diminish synovial inflammation by affecting these processes.
Gold salts have been used in the treatment of RA for over 50 yr. They have been reported to not only relieve the symptoms ofrheumatoid inflammation but also to slow the progress ofthe disease (9-12). Though a variety ofactions ofthe gold salts have been reported to be responsible for their therapeutic efficacy (13) , the mechanism underlying their beneficial effects has not been adequately elucidated. To investigate the possible effects of gold compounds on angiogenesis, we have studied the effects of gold sodium thiomalate (GST), gold chloride, and 2,3,4,6-tetra-O-acetyl-1 -thio-D-glucopyranosato-S-(triethylphosphine) (auranofin) on basal and endothelial cell growth factor (ECGF)-stimulated proliferation of human umbilical vein EC. It has been shown that low concentrations of these gold compounds, easily attainable in the serum of treated patients, inhibit EC proliferation. Inhibition of fibroblast proliferation was observed in the same approximate concentration range.
Methods
Preparation ofhuman EC and EC monolayers. EC were obtained from human umbilical veins as described previously with some modifications (14) . Fresh umbilical cord was placed in Hanks' balanced salt solution (HBSS) Incorporation of 3H-TdR, added 15 h before harvesting, was measured 48 h after initiation of the cultures. To examine the effect of these gold compounds on any given phases of EC proliferation, they were added to the EC culture at the initiation of incubation or at varying times thereafter.
Assay for 3H-TdR incorporation into human fibroblasts. Primary cultures offibroblasts were established from explants ofhuman foreskins by standard technique. Fibroblasts in their fifth to tenth subpassage were harvested from stock cultures by trypsinization and suspended into RPMI 1640 supplemented with 10% FCS and antibiotics. 3H-TdR incorporation into the cells after stimulation with IL-I was measured as described previously with slight modifications (16) . 1 X 104 responding cells in 0.2 ml culture medium were cultured in flat-bottomed microtiter wells (Corning Glass Works) and 2 U/ml ultrapure IL-l (Genzyme Corp., Boston, MA) was added to the cultures in the presence or absence of varying concentrations of GST. The total time of the assay was 72 h. I MCi of 3H-TdR was added to the culture 15 h before harvesting and 3H-TdR incorporation was measured as described above.
Assayfor 3H-TdR incorporation into peripheral blood mononuclear cells (PBM). PBM were obtained by centrifuging venous blood obtained from healthy human donors on Ficoll Hypaque (Lymphoprep, Nyegaard & Co., Oslo, NJ) as previously described (17) . PBM were then suspended in RPMI 1640 containing 10% FCS and antibiotics. 1 X 10' PBM, in 0.2 ml of the culture medium, were then placed in round-bottomed microtiter wells (Corning Glass Works). Cultures were then carried out in the presence of 5 ;tg/ml concanavalin A (Con A, Sigma Chemical Co.) or 0.5 Ag/ml phytohemagglutinin (PHA, Sigma Chemical Co.) in the presence of varying concentrations of GST. 15 h before harvesting, I gCi of 3H-TdR was added to each well. Total duration of the cultures was 72 h. The cells were then harvested onto glass fiber filter paper and incorporated 3H-TdR counted as described above.
Results
Response of EC to ECGF and heparin. To study the dose response of EC to ECGF, the monolayers derived from 2 X 104 (Table I) . Effect ofGSTon EC growth. Addition ofGST to EC cultures suppressed both ECGF and ECGF-heparin-induced 3H-TdR incorporation ( Fig. 2) . Dose response curves of EC growth to ECGF and ECGF-heparin in the presence of GST showed that this drug decreased the magnitude of the EC response to these stimuli in a concentration-dependent fashion. On the other hand, the dose of ECGF required for half-maximal response ofthe EC was not affected by GST.
To exclude the possible effect of the serum present in the cultures on the action ofGST, we added varying concentrations of FCS or human serum to the 3H-TdR incorporation assay. FCS, in the range 5-25%, did not significantly affect the magnitude of the inhibitory effect of GST on both basal and stimulant-induced DNA synthesis in EC, nor did 10% human serum added to 15% FCS have a significant effect (data not shown).
Comparison ofeffects ofGST on proliferation ofEC, fibroblasts, and peripheral blood mononuclear cells. To compare the dose-dependent inhibitory effect of GST on stimulant-induced EC DNA synthesis with that of IL 1-induced fibroblast DNA synthesis and mitogen-triggered DNA synthesis in PBM, various concentrations of GST were added to these cultures. Both basal and ECGF-heparin-induced EC response was suppressed in a dose-dependent fashion, with significant inhibition observed in the presence of 1 ,ug/ml GST (Fig. 3 A) . A near maximal effect was attained in the range of 5-10 ,ug/ml. These concentrations are attained in both blood and synovium ofpatients treated with GST (18) (19) (20) (21) (22) (23) (24) (25) . Culture of EC with up to 10 ,ug/ml GST did not affect the viability of these cells, both ECGF stimulated and As fibroblasts, macrophages, and lymphocytes are constituents of rheumatoid synovium, the possible effects of GST on these cell types were examined. 5 and 10 Ig/ml GST significantly affected both basal and IL-l-triggered 3H-TdR incorporation into fibroblasts, though 1 jig/ml manifested no effect (Fig. 3 B) .
In contrast, the inhibitory effect of GST on DNA synthesis of PBM activated by Con A or PHA was minimal within the ranges examined, with only 15% inhibition being observed at 10 Ag/ml and no significant effect at 1 or 5 Ag/ml GST (Fig. 3 C) .
When the effect of 10 ug/ml GST on basal and stimulant-induced DNA synthesis of the three cell types is compared, it can be seen that the magnitude of inhibition of both basal and stimulantinduced DNA synthesis of EC and fibroblasts was similar. The degree of inhibition of DNA synthesis of these two cell types was significantly greater than that observed in Con A and PHAstimulated PBM (P < 0.01), indicating that EC and fibroblasts were more sensitive to GST than PBM. Regardless of the presence or absence of IL-1, PHA, or ConA, the concentrations of GST examined did not affect the viability of either the fibroblasts or PBM.
Effect of TMA. To rule out the possibility that the observed inhibitory effect of GST might be due to the free thiol of GST, we added TMA to the EC cultures in the same range of concentration as GST. TMA did not have a significant effect on either basal or ECGF-heparin EC responses in the range of concentrations in which GST had significant effects (data not shown).
Effect ofgold chloride and auranofin. To determine whether other types of gold compounds have a similar effect on EC, we also examined gold chloride and auranofin for their effect on EC proliferation. The effect of various concentrations of gold chloride on 3H-TdR incorporation into unstimulated and stimulated EC is shown in Fig. 4 A. Significant inhibition (P < 0.05) was observed at a concentration of 5 jg/ml in both basal and ECGF-heparin-induced 3H-TdR incorporation with near maximal effect (P < 0.01) in the range of 10-15 gg/ml. These concentrations did not significantly affect the viability of the EC.
The effective dosage of auranofin was much lower than that of GST and gold chloride. As shown in Fig. 4 B, significant inhibition was observed at the level of 0.1 tg/ml, and near-maximal effect was attained in the range of 0.3-0.5 ug/ml auranofin.
These concentrations are also attainable in both blood and synovium of patients treated with this drug. and ECGF-heparin stimulated DNA synthesis following the presence of this agent for only the initial 1 h of culture (Fig. 5) . Thus, the effect of auranofin on EC appeared to be more rapid in onset than that of GST.
Effects of delayed addition of GST and auranofin on EC DNA synthesis. DNA synthesis in the course of EC proliferation, as assayed by 3H-TdR incorporation, is a late occurrence in a series of reactions. To determine whether a particular sequential step was sensitive to inhibition by gold compounds, we added GST or auranofin to unstimulated and ECGF-heparin-stimulated EC cultures at the initiation of incubation or at varying times thereafter. Fig. 6 shows the effects of GST on basal and ECGF-heparin-induced 3H-TdR incorporation into EC. Significant inhibition was detected when GST was added at least 18 Figure 5 . Time-dependent effect of initial addition of GST and auranofin on DNA synthesis of EC. EC were cultured with or without 12.5 Mg/ml ECGF plus I U/ml heparin, and 10 Mg/ml GST (a) or 0. 3H-TdR pulse, i.e., 15 h before termination of the assay or thereafter, did not have a significant effect on the subsequent incorporation of 3H-TdR. The latter observation indicates that GST did not influence the transport of the 3H-TdR into the cells. Similar effects were observed following the delayed addition of auranofin. When the drug was added at the time of the 3H-TdR pulse or thereafter, no significant effect was observed (Fig.  6) . The suppression of 3H-TdR incorporation following initial and delayed addition of GST or auranofin is compared in Fig.  6 . The presence of GST during the initial 24 h inhibited 51% of the total 3H-TdR incorporation induced by ECGF with heparin, whereas the presence of GST during only the last 24 h induced only 29% inhibition, which was significantly smaller (P < 0.01). A similar result was observed in the case ofbasal DNA synthesis. Significantly greater suppression of DNA synthesis (P < 0.01) was also observed in the presence of auranofin during the initial 24 h than during the last 24-h culture.
Discussion
Gold salts have been administered to slow or halt the progression ofRA. Suggested mechanisms underlying the therapeutic efficacy ofthese drugs include the inhibition oflysosomal or other cellular enzymes (26) (27) (28) , interference with complement activation (29, 30) , inhibition ofprostaglandin biosynthesis (31, 32) , alterations in protein interactions (33) (34) (35) (36) and sulfhydryl reactivity (37) , and nonspecific antiinflammatory activity (38) . It has also been suggested that they block the accessory cell functions of macrophages, leading to regression of cell-mediated immunological reactions (39) . Some of these mechanisms, however, have been based on observations made with concentrations of gold salts not attained in serum of the treated patients. Moreover, they have not explained the delayed onset of the therapeutic effects of these agents.
The rheumatoid synovial membrane is characterized by extensive proliferation of the connective tissue and infiltration of this tissue by chronic inflammatory cells. Associated with these two processes is an active proliferation of synovial small blood vessels or neovascularization. This process supplies the extensive network of venules, postcapillary venules, and capillaries from which inflammatory cells infiltrate the synovium and which, in addition, supports the fibroblast proliferation essential for the growth ofthe synovium and development ofpannus. Therefore, interruption ofneovascularization would be expected to interfere with mononuclear cell infiltration and synovial proliferation. It is for this reason that we have attempted to investigate the possible effects of gold compounds on neovascularization. Because vascular proliferation is critically dependent on local EC proliferation, the effects of gold compounds on in vitro proliferation of EC have been examined. Moreover, in contrast to other mononuclear cells such as macrophages, which are resupplied to inflammatory tissue from the bone marrow, there is no reservoir of EC to replenish diminished or insufficient numbers of EC, so it has been of particular interest to examine the effects of gold compounds on the growth of this cell type.
The present data demonstrate that GST inhibits DNA synthesis of EC both in a dose and time-dependent fashion. TMA, on the other hand, in the same range of concentration as GST, did not significantly affect EC proliferation, indicating that the observed effects depend upon the gold ion itself and not on the TMA residue. This conclusion is also supported by the observation that similar inhibition of DNA synthesis in EC cultures was exerted by gold chloride and auranofin.
Significant inhibitory effects of GST and auranofin on EC proliferation were observed at concentrations of 1 ,ug/ml and 0.1 g/ml respectively. Maximal inhibition was obtained with 5-10 ig/ml GST and 0.3-0.5 ug/ml auranofin. Although the serum concentration ofgold varies, depending upon the dosage administered and dosage schedule, it is generally accepted that serum levels attained in GST-treated patients tend to be in the range of 2-5 ,ug/ml (18) (19) (20) (21) (22) (23) , which is equivalent to 4-10 ,g/ml GST. It has also been reported that the blood concentration range of auranofin is 0.3-1.0 ,g/ml (40) . The levels of gold in the synovial tissue oflong-term-treated patients are much higher, i.e., [21] [22] [23] [24] [25] ;tg/g of tissue, wet wt (24, 25) , equivalent to [42] [43] [44] [45] [46] [47] [48] [49] [50] ,gg/ml GST (43, 44) , has been found to enhance the affinity of this agent for its EC surface receptor (45) . Leukocytic infiltration has been observed to precede vascularization in the cornea (46) , and agents present in supernatants of cultured macrophages (47) and activated macrophages themselves have been observed to stimulate neovascularization (48 The mechanism by which gold compounds inhibit EC proliferation is unresolved at the present time. It is unlikely that the observed effects of GST are due to interference with the binding of ECGF to EC or with the action of heparin in the binding of ECGF to EC. This is suggested by the finding that GST, present only in the initial 1-3-h incubation period, had little effect on the magnitude of the resultant DNA synthesis induced by both ECGF alone and ECGF with heparin. Moreover, the observations that GST also blocked 3H-TdR incorporation into nonstimulated EC and that the concentration of ECGF required to achieve a half-maximal response of EC to the stimulation of ECGF or ECGF plus heparin was not affected by GST are also consistent with this suggestion. The observation that GST had a much stronger inhibitory effect on DNA synthesis when present during the initial 24 h of culture than in the last 24 h indicates that GST may affect a comparatively early step in the process of EC proliferation.
GST has been suggested to bind sulfhydryl-containing compounds on the basis that its action on lysosomal hydrolases is blocked by cysteine (19) and its action on lymphocyte DNA synthesis is inhibited by D-penicillamine (52) . Preliminary experiments in this laboratory have also shown that D-penicillamine is capable of interfering with the GST-induced suppression of DNA synthesis ofEC. It is therefore conceivable that interaction of GST with EC-associated sulthydryl-containing compounds may be involved.
In conclusion, GST and auranofin inhibited both basal and ECGF-induced DNA synthesis in human EC. These effects of gold compounds may play a significant role in the suppression of rheumatoid inflammation, because a decrease in the number Of local blood vessels may lead to diminished mononuclear cell infiltration and decreased proliferation of the synovial tissue.
Such a decrease may also interfere with the level of accessory cell activity on the part of the EC at the blood tissue interface.
Because EC are not replenished from other sources, the delay in onset of the therapeutic effect of gold compounds may rep-resent the time required for reducing the size ofthe vascular bed in synovial inflammatory foci below a critical level.
